Tian M., Wang N., Su G., Shi B., Shan A. (2017): Effects of dietary l-carnitine and fat type on the performance, milk composition and immunoglobulin in sows, and immunological variables of sows and piglets during late gestation and lactation. Czech J. Anim. Sci., 62,[185][186][187][188][189][190][191][192][193][194] An experiment with a 2 × 2 factorial arrangement of treatments (n = 12 sows/treatment) was conducted to investigate the effect of maternal dietary supplementation with 2 different l-carnitine levels (0 mg/kg and 100 mg/kg) and 2 fat types (3.5% soybean oil and 3.5% fish oil) from day 107 of gestation until weaning (day 21) on performance, milk composition and immunoglobulin, and on the immunological variables of sows and piglets. Blood and milk samples of sows were obtained on days 0 (farrowing), 14, and 21 of lactation. One 21-day-old piglet per litter was selected for the collection of plasma. The average piglet weaning weight and the average daily gain (ADG) were significantly influenced by supplementation with 100 mg/kg of l-carnitine (P < 0.05). Furthermore, fish oil (FO) treatment exhibited an increasing trend in average piglet weaning weight and ADG over soybean oil (SO) treatment (P < 0.1). The concentrations of fat, immunoglobulin G (IgG), and immunoglobulin A (IgA) were increased in colostrums and milk by day 21 by supplementation with 100 mg/kg of l-carnitine (P < 0.05). Supplementation with 100 mg/kg of l-carnitine enhanced the IgG and IgA concentration in the plasma of sows and piglets (P < 0.05). Additionally, the concentrations of IgG and IgA were improved in colostrums by the addition of FO (P < 0.05). The FO treatment also advanced the IgA concentration in the plasma of sows and the IgG concentration in the plasma of piglets (P < 0.05). In conclusion, the addition of 100 mg/kg l-carnitine improved the weight of piglets at weaning, ADG, IgG, and IgA levels in colostrums, and IgG and IgA concentration in the plasma of sows and piglets (P < 0.05). The concentrations of IgG and IgA were significantly increased in colostrums by supplementation with 3.5% FO (P < 0.05). Overall, no significant difference was observed between l-carnitine and FO or SO treatment in immunological variables in this study.
doi: 10.17221/55/2016-CJAS piglets of control sows (Ramanau et al. 2002 (Ramanau et al. , 2004 (Ramanau et al. , 2005 . Sows supplemented with l-carnitine during pregnancy and lactation were able to produce more milk than control sows (Ramanau et al. 2004 ). Additionally, l-carnitine may modulate immune function as evidenced by enhanced antibody responses in l-carnitine-supplemented broiler chickens and pigeons (Janssens et al. 2000) . In addition to taking part in the transfer of long-chain fatty acids, l-carnitine has been reported to enhance the immune response of the body (De Simone et al. 1982) . However, the relationship between dietary l-carnitine and the immune system has not yet been well defined in sows.
Adding fat in sows' diets is a potential approach that could be beneficial to sow nutrition, sow health, and piglet health (Cools et al. 2011; Benzoni et al. 2013; Tanghe et al. 2014; Tummaruk et al. 2014) . l-Carnitine can facilitate the transport of long-chain fatty acids into the mitochondria for energy production (adenosine triphosphate) via β-oxidation and oxidative phosphorylation. Thus, in instances of l-carnitine insufficiency, movement of long-chain fatty acids into the mitochondria and their subsequent oxidation could be impaired.
Previous reports have shown that addition of fat to the diets of sows during late gestation and/ or lactation increases milk production and the fat content of colostrum and milk (Pettigrew 1981) . Maternal FO supplementation enriched the n-3 polyunsaturated fatty acids (PUFA) content of the milk of sows (Fritsche et al. 1993; Lauridsen and Danielsen 2004) , reduced pre-weaning piglet mortality (Rooke et al. 2001a) , and enhanced piglet serum immunoglobulin G concentrations at weaning (Rooke et al. 2003) .
Therefore, the aim of the present study was to evaluate the effects of maternal dietary supplementation with FO and l-carnitine from day 107 of gestation until weaning (day 28) on colostrum and milk composition, suckling piglet performance, humoral immune response of sows on days 0 (farrowing), 14, and 21 of lactation, and piglets at weaning. In addition, this study examined any beneficial response to the combination treatment of FO and l-carnitine.
MATERIAL AND METHODS
The protocols used in these experiments were approved by the Northeast Agricultural University Institutional Animal Care and Use Committee of China.
Animals and experimental design. The experiment was designed as a 2 × 2 factorial. Fortyeight crossbred pregnant sows (Large White × Landrace) on day 107 of gestation were randomly allocated, accounting for parity (in the range of 3 to 5) and expected delivery date, to one of four dietary treatments (n = 12 sows per treatment). The dietary treatments included two l-carnitine levels (0 mg/kg and 100 mg/kg) and two fat types (3.5% soybean oil (SO) and 3.5% FO). l-Carnitine was purchased from Lonza (China). The product was composed of l-carnitine and silicon dioxide (l-carnitine purity: 50.0%). The desired amount of l-carnitine in this experiment was 100 mg/ kg; thus, due to the purity of 50%, the actual amount added to the diet was 200 mg/kg. The experimental feed was provided from day 107 of gestation until weaning, for a total of 28 days. All diets were formulated to meet or exceed the requirements for all nutrient standards (NRC, 2012) . The ingredients and chemical composition of the basal diets with 3.5% SO or 3.5% FO are shown in Table 1 .
Housing, feeding, and management. The experiment was initiated on day 107 of gestation when sows were moved to the same farrowing house: sows were offered experimental supplements until weaning at day 21. The sows and piglets were individually housed in farrowing pens (2.2 × 2.4 m) with crates and slatted floors. The parturitions were watched, but the observers interfered as little as possible in the farrowing process. A piglet corner with a heating lamp was available for the piglets. The farrowing room temperature was maintained at 20°C. The sows and piglets had ad libitum access to drinking water throughout the experimental period.
Throughout lactation, the sows were fed twice daily at 8:00 and 15:00 h. The sows were initially fed 3.0 kg before partum. On the day of farrowing, the sows were not fed, and after farrowing, the sows were initially fed 1.5 kg on day 1. This amount was increased daily by 0.5 kg until day 7 postpartum, depending on the maternal feed consumption and the recovery after partum. From day 7 postpartum, the sows had free access to their diets until weaning. The piglets did not receive a solid diet and were fed only with colostrum and milk throughout the experimental period. doi: 10.17221/55/2016-CJAS On day 3, the piglets received an iron injection (Iron Dextran, Jiangxi Chuangdao Animal Health Co., Ltd., China). Commercial creep feed (15.8 MJ metabolizable energy/kg, 210.0 g crude protein (CP)/kg, 15.6 g lysine/kg) was offered to the piglets 7 days after birth. The intake of the creep feed was not recorded.
Diet collection and analyses. Samples of feed were obtained from each dietary treatment. The diets were analyzed for crude protein, crude fat, calcium, and phosphorus (Avelar et al. 2010) .
Sow and litter performance. Sows were weighed (using scales with an accuracy of ± 100 g) on day 107 of pregnancy and at the time of weaning. Backfat thickness was measured at the P2 position (left side of the 10 th rib and 6 cm lateral to the spine) during times of weighing using a B-mode ultrasound (Renco Lean Meater type 7, USA).
The following parameters were recorded: total number of piglets born, born alive, stillborn and mummified; and litter weights and piglet weights at birth and on day 21 of lactation. The litter piglets were weighed from parturition until weaning to calculate average daily gain (ADG) per litter. The individual piglet body weight (BW) was recorded at birth and weaning (day 21), and ADG was calculated.
Milk collection and analysis. Colostrum samples (30 ml) were collected 1 h after the birth of the first piglet, and milk (30 ml) was collected from Prior to analysis, the colostrum and milk were delipidated by centrifugation at 3000 g at 4°C for 20 min. The colostrum and milk samples were analyzed for lactose, protein, fat, and total solids with a fully automatic milk analyzer (MilkoScan™ FT1 Analyser; Foss, Denmark). Assays for colostrum and milk concentrations of immunoglobulin G (IgG), immunoglobulin A (IgA), and immunoglobulin M (IgM) were performed using specific pig-ELISA IgG, IgA, IgM quantification kits (Bethy Laboratories Inc., USA). The IgG, IgA, and IgM concentrations were quantified according to the manufacturer's instructions.
Blood samples collection and analysis. Blood samples (5 ml) of 8 sows per treatment were obtained using heparin tubes from the ear vein on days 0 (farrowing), 14, and 21 of lactation and were immediately placed on ice until they were centrifuged at 1000 g for 15 min. The plasma was immediately stored at -80°C until further analysis.
During the suckling period, blood samples (5 ml) from 1 piglet per litter were collected after having an empty stomach for 24 h from the anterior vena cava by puncture into heparin tubes at weaning (day 21) to facilitate immunoglobulin quantification. The blood samples were immediately placed on ice until they were centrifuged at 1000 g for 15 min. The plasma was immediately stored at -80°C until further analysis.
Assays for serum concentrations of IgG, IgA, and IgM were performed using specific pig-ELISA The model accounted for the effect of l-carnitine, fat type, and the interaction between the two. Differences were considered significant at P < 0.05.
RESULTS
Sow and litter performance. The effect of maternal dietary treatment on sow and piglet performance during the suckling period is presented in Table 2 . Average daily feed intake (ADFI), BW change, and backfat change in sows from day 107 of gestation to day 21 of lactation (weaning) were similar across treatments (P > 0.05). Similarly, the number of piglets born alive, number of piglets at weaning per litter, survival rate of piglets, and weight of piglets at birth from day 107 of gestation to day 21 of lactation (weaning) were not influenced by sow dietary treatment (P > 0.05). However, the weights of piglets at weaning and ADG were significantly improved (P < 0.05) by the addition of 100 mg/kg l-carnitine.
Composition of colostrum and milk. The concentrations of lactose, protein, and total milk solids in colostrum and milk were not influenced (P > 0.05) by l-carnitine or fat types from day 107 of gestation to day 21 of lactation (weaning) ( Table 3 ). On the other hand, adding 100 mg/kg of l-carnitine resulted in higher fat concentrations in the colostrum (P < 0.05) (Table 3) . However, no significant interaction was found between l-carnitine level and fat type (P > 0.05).
Immunological variables of colostrum and milk. The concentrations of IgG and IgA in colostrum were significantly improved with the supplementation of 100 mg/kg of l-carnitine and 3.5% FO (P < 0.05) ( Table 4) . Supplementation of 100 mg/kg of l-carnitine enhanced the IgG and IgA concentration in milk in sows on day 21 (P < 0.05). However, no differences were found and IgA in sow plasma were enhanced with the supplementation of 100 mg/kg l-carnitine on days 0, 14, and 21 (P < 0.05). IgA levels in the plasma of sows were increased by the addition of 3.5% FO on day 21 (P < 0.05). Furthermore, FO treatment showed a trend of having more IgG than SO treatment (P < 0.1). Additionally, no differences were found regarding IgM levels in the plasma of sows by the supplementation of l-carnitine and different fat types (P > 0.05). Furthermore, no interaction was found between l-carnitine level and fat type on immunoglobulin concentrations. Immunological variables of plasma from piglets. As shown in Table 6 , IgG levels in the plasma of piglets were significantly increased by the addition of l-carnitine and fat type on day 21 (P < 0.05). The concentrations of IgA in the piglet plasma on day 21 were improved by the addition of 100 mg/kg of l-carnitine (P < 0.05). Additionally, IgM levels in the piglet plasma did not differ among all treatments (P > 0.05). No interaction (P > 0.05) was found between l-carnitine level and fat type on immunoglobulin concentrations in piglet sera.
DISCUSSION
The aim of the current experiment was to examine the effect of maternal dietary supplementation with l-carnitine and FO from day 107 of gestation until weaning (day 21) on the performance of sows and piglets, colostrum and milk composition, and immunoglobulin concentrations in the colostrum of sows and in piglets.
Performance of sows and piglets. This study confirms recent studies (Ramanau et al. 2002 (Ramanau et al. , 2004 (Ramanau et al. , 2005 Birkenfeld et al. 2006) by showing that l-carnitine supplementation of sows enhances piglet growth during the suckling period and results in higher piglet weight at weaning. Our study suggests that this effect may be due to a higher milk yield and an increased transfer of energy and nutrients from the sow to the piglets with milk. The data for body weights and backfat thickness at weaning did not differ between l-carnitinetreated and control sows. However, sows that are fed ad libitum with l-carnitine supplementation have been shown to have no significant difference in feed intake or body weight during pregnancy (Ramanau et al. 2004 (Ramanau et al. , 2005 , in accordance with the present study.
The present data indicate that ADG during the suckling period and average piglet weaning weight were not affected by FO-supplemented diets. Lauridsen and Danielsen (2004) observed that FO supplementation from day 108 of gestation favoured no improvement on piglet daily BW gain. In contrast, Mitre et al. (2005) reported that piglets from sows fed diets supplemented with shark liver oil from day 80 of gestation had greater weaning weight. Furthermore, Rooke et al. (2001b) reported that piglets born to dams that were fed supplemental tuna oil from day 92 of gestation were heavier than piglets from control sows. A longer period of supplementation before farrowing may be required to elicit an effect on neonatal piglet growth. Cools et al. (2011) reported that increasing FO in the sows' diet from 0 to 4% decreased piglet weaning weight and resulted in a higher pre-weaning mortality rate (P < 0.05). Daily supplementary cod liver oil of 50 ml to sows from day 107 of gestation until weaning did not affect weight gain or overall morbidity of piglets in a study by Taugbol et al. (1993) .
Composition of colostrum and milk. Many reports have shown that the addition of fat to the diets of sows during late gestation and/or lactation increases milk production and the fat content of the colostrum and milk (Pettigrew 1981; Jackson et al. 1995; Christon et al. 1999) . Similar results were observed in the present experiment; the supplementation of l-carnitine and FO increased the content of fat in the colostrum. In contrast, Birkenfeld et al. (2006) reported that colostrum in sows supplemented with l-carnitine had a higher protein concentration (P < 0.05) and a lower concentration of fat and lactose than milk on days 10 and 20 of lactation.
Immunological variables of colostrum and milk. Immunoglobulins in milk play an important role in the passive immunization of piglets. Many reports are in close agreement with the present study that the supplementation of l-carnitine and FO could increase concentrations of IgG and IgA in the colostrum. Studies with experimental animals indicate that diets rich in n-3 PUFA are anti-inflammatory and immunosuppressive in vivo (Calder 1999) , and the anti-inflammatory effect has also been shown for suckling piglets of FO-fed sows (Fritsche et al. 1993) . Mitre et al. (2005) observed improvements in IgG levels in colostrum by oral supply of shark-liver oil to sows during gestation and lactation (P < 0.05). Rooke and Bland (2004) found that sow's diets supplemented with FO could increase IgG content in colostrum (P < 0.05). Bontempo et al. (2004) and Rossi et al. (2004) found that the addition of conjugated linoleic acid (CLA) increased IgG levels in colostrum (P < 0.05). However, the reports regarding the effects of l-carnitine and FO on IgG and IgA levels are not consistent. Leonard et al. (2010) indicated that the supplementation of FO had no effect on immunoglobulin concentrations in sow milk or colostrum. Birkenfeld et al. (2006) revealed that l-carnitine supplementation did not influence the concentration of immunoglobulins in colostrum or milk in sows.
Immunological variables of sows and piglets. Many reports have either supported or opposed our results that concentrations of IgG and IgA in the plasma of sows and piglets can be increased by the addition of l-carnitine and fish oil (P < 0.05). Geng et al. (2007) found that serum IgG content was improved by l-carnitine supplementation (P < 0.05) in broilers. l-carnitine supplementation significantly improved IgG content in pigeons (Janssens et al. 2000) and broilers . Thangasamy et al. (2008) indicated that treatment with l-carnitine improved the concentrations of IgG and IgA in aged animals in a significant manner. One possible mechanism by which l-carnitine improves the concentrations of IgG and IgA in piglet plasma is that the piglets obtain high levels of l-carnitine from milk. The supplementation of sows' diets with l-carnitine caused a moderate increase in the l-carnitine concentrations in plasma and milk during pregnancy and lactation. Dietary l-carnitine supplementation has been demonstrated to exert an immunomodulatory effect on antigen-specific total IgA and IgG responses. A long-lasting elevated IgG response due to dietary l-carnitine supplementation may be of major practical importance for the enhancement of protective immunity due to vaccination. Therefore, piglets that obtain high levels of l-carnitine from milk and l-carnitine supplementation may exhibit elevated antigen-specific Ig responses, which may contribute to increases in immunoglobulin levels in piglets. However, l-carnitine treatment had no impact on IgM concentration or type responses. Previous studies indicated that maternal FO supplementation enriched the n-3 PUFA content of sow milk and enhanced piglet serum IgG concentrations at weaning (Rooke et al. 2003) . Bontempo et al. (2004) found that the addition of CLA increased the serum IgG of sows and piglets on days 2, 10, and 20 of lactation (P < 0.05). Additionally, Rossi et al. (2004) observed higher serum IgG concentrations on day 21 postpartum for piglets born from sows given CLA-supplemented diets starting seven days before parturition until weaning (P < 0.05).
CONCLUSION
Our results demonstrate that the supplementation of l-carnitine to sows from day 107 of gestation until weaning (day 21) increased IgG and IgA concentrations in the colostrum and plasma of sows and piglets (P < 0.05). Furthermore, the fat
